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This evaluation provides a complete representation of the
nuclear-data needed for lir”ansport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI (Release 2) evaluation by D. Hetrick, C.Y. Fu, and D. Larson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF.6, MT.5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross ,Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
CU65 and p + CU65 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequilib-
rium and direct-reaction theories. Spherical optical model
calculations are used to obtain particle transmission
coefficients_ Eol the Ha~- F-eebacd- .calculations,. as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil



energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the excitov model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SPECIFIC INFORMATION CONCERNING THE CU-65 EVALUATION

This evaluation is documented in some detail in Ref. (Ko98b) .

The neutron total cross section above 20 MeV was obtained by
evaluating experimental data, with a particular emphasis on the
Finlay (Fi93) elemental data. This resulted in an evaluated
elemental Cu total cross section; to obtain an isotopic 65CU total
cross section, it was assumed that 63CU and 65CU have total cross
sections in an A**2/3 ratio to one another. The total neutron
nonelastic cross section was obtained directly from an optical
model calculation (see below) , after verifying that it was in good
agreement with the experimental data (Ko98b) .

To obtain the neutron optical potential we used total cross
section data from 1.2 to 4.5 MeV (Gu86) and from 5.3 to 600 MeV
(Fi93) , and elastic scattering angular distribution data from 1.6
to 96 MeV (Br50, Sa60, Ki74, E182, Gu86) . The optical potential
parameters were obtained using a combination of a grid search code
and the interactive o~tical model viewer ECISVIEW [K097] , both

‘built around the coupled channels code ECIS96 [Ra94] . The energy
dependence of the optical model parameters is as described in
[K098] . This optical potential was used for the calculation, with
ECIS96, of neutron transmission coefficients and DWBA cross
sections for the entire energy region above 20 MeV.

Due to the lack of proton elastic scattering data in numerical
form, we used a combination of global optical models for the
proton channel. The Becchetti-Greenlees potential [Be69]was
adopted below 47 MeV, and the non-relativistic version of the
Madland potential [Ma88] above 47 MeV. At this particular energy
point the two potentials join smoothly.

For deuterons, the Lohr-Haeberli global potential [L074] was used;
for alpha particles the Moyen potential (MacFadden-Satchler
@la6-6]j was used; and for tritons the BeccnetEi-Gre-enie-e-5
potential [Be71] was used. The He-3 channel was ignored, due to
its small importance.

Following Delaroche et al. [De82] , we adopted the weak-coupling
model for direct collective inelastic scattering for CU-65, using
Ni-64 as a basis. For the calculation of the cross sections,
ECIS96 was used in DWBA mode. We used the following direct



Eransiaions for CU-65 (ground state 3/2- ) :

Jpi Ex(MeV) Deformation length (Delta) or parameter (Beta)
0.5- 0.771 Beta(2)=0.0566
2.5- 1.116 Bet.a(2)=0.0980
3.5- 1.481 Beta(2) =0.1132
1.5- 1.743 Beta(2)=0.0800
1.5- 3.185 Delta(3)=0.3167
2.5- 3.435 Delta(3) =0.3879
3.5- 3.685 Delta(3)=0.4479
4.5- 3.935 Delta(3)=0.5008

Only one measurement exists for neutron-induced emission spectra
above 20 MeV for 65CU: the 25.7 MeV (n,xn) data by Marcinkowski et
al (Ma83) . Without adjusting any of the level density or pre-
equilibrium parameters the GNASH calculation was in good agreement
with these data (Ko98b) . Hence we adopted these parameters for Lhe
whole energy region.

**************** **************** **************** ****************
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29065 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha ganmm

-
2.000E+O1 1.425E+O0 1.099E+O0’ 2.363E+OO” 1.555E-01-2.698E-02 2.052E-03” 0.000E+O0 1.813E-02 4.955E+O0
2.200E+01 1.384E+o0 1.090E+O0 2.399E+O0 1.833E-01 3.204E-02 2.793E-03 0.000E+OO 2.069E-02 4.765E+O0
2.400E+01 1.354E+O0 1.084E+O0 2.503E+O0 2
2.600E+01 1.329E+O0 1.114E+O0 2.600E+O0 2
2.800E+01 1.307E+O0 1.154E+O0 2.661E+o0 2
3.000E+O1 1.286E+O0 1.201E+O0 2.700E+O0 3
3.500E+01 1.238E+O0 1.342)3+00 2.725E+O0 4
4.000E+O1 1.197E+O0 1.470E+O0 2.786E+O0 4
4.500E+01 1.160E+O0 1.559E+O0 2.855E+O0 5
5.000s+01 1.127E+O0 1.620E+O0 2.913E+O0 5

147E-01
463E-01
796E-01
137E-01
220E-01
998E-01
459E-01
846E-01

3.670E-02 3.408E-03 0.000E+OO 2.296E-02 4.349E+O0
4.096E-02 4.055E-03 0.000E+OO 2.519E-02 4.024E+O0
4.505E-02 4.639E-03 0.000E+OO 2.785E-02 3.807E+O0
4.888E-02 5.152E-03 0.000E+OO 3.032E-02 3.727E+O0
5.489E-02 6.163E-03 0.000E+OO 3.666E-02 3.684E+O0
5.947E-02 6.917E-03 0.000E+OO 4.501E-02 3.526E+O0
6.222E-02 7.455E-03 0.000E+OO 4.975E-02 3.380E+O0
6.385E-02 7.892E-03 0.000E+OO 5.302E-02 3.280E+O0

5.500E+01 1.094E+O0 1.648E+O0 2.973E+O0 6.161E-01 6.349E-02
6.000E+O1 1.061E+O0 1.631E+O0 3.017E+O0 6.416E-01 6.416E-02
6.500E+01 1.031E+O0 1.607E+O0 3.052E+O0 6.664E-01 6.386E-02
7.000E+O1 1.003E+O0 1.571E+O0 3.054E+O0 6.922E-01 6.457E-02
7.500E+01 9.760E-01 1.513E+O0 3.068E+O0 7.131E-01 6.467E-02
8.000E+O1 9.516E-01 1.445E+O0 3.085E+O0 7.348E-01 6.473E-02
8.500E+01 9.291E-01 1.372E+O0 3.121E+O0 7.601E-01 6.501E-02
9.000E+O1 9.084E-01 1.308E+O0 3.139E+O0 7.862E-01 6.533E-02

8.318E-03 0.000E+OO 5.733E-02 3.166E+O0
8.690E-03 0.000E+OO 6.116E-02 3.054E+O0
9.098E-03 0.000E+OO 6.491E-02 2.986E+O0
9.611E-03 0.000E+OO 6.924E-02 2.748E+O0
1.006E-02 0.000E+OO 7.249E-02 2.687E+O0
1.061E-02 0.000E+OO 7.625E-02 2.612E+O0
1.165E-02 0.000E+OO 8.230E-02 2.524E+O0
1.259E-02 0.000E+OO 8.728E-02 2.456E+O0

9.500E+01 8.896E-01 1.241E+O0 3.157E+O0 8.095E-01 6.568E-02 1.360E-02 0.000E+OO 9.196E-02 2.404E+O0
1.000E+02 8.723E-01 1.167E+O0 3.188E+O0 8.360E-01 6.482E-02 1.492S3-02 0.000E+OO 9.743E-02 2.323E+O0
1.1OOE+O2 8.426E-01 1.034E+O0 3.219E+O0 8.811E-01 6.626E-02 1.724E-02 0.000E+OO 1.063E-01 2.207E+O0
1.200E+02 8.182E-01 9.165E-01 3.254E+O0 9.254E-01 6.813E-02 1.999E-02 0.000E+OO 1.152E-01 2.140E+O0
1.300E+02 7.985E-01 8.196E-01 3.278E+O0 9.688E-01 7.031E-02 2.276E-02 0.000E+OO 1.227E-01 2.085E+O0
1.400E+02 7.827E-01 7.339E-01 3.31OE+OO 1.012E+O0 7.271E-02 2.595E-02 0.000E+OO 1.305E-01 2.045E+O0
1.500E+02 7.703E-01 6.621E-01 3.331E+O0 1.049E+O0 7.483E-02 2.866E-02 0.000E+OO 1.356E-01 1.998E+O0

29065 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.anA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec TOTAL

2.000E+O1 1.800E-01 3.867E-02 2.193E-03 0.000E+OO 2.715E-02 7.703E-02 1.807E-02 3.431E-01
2.200E+01 2.268E-01 5.147E-02 3.347E-03 0.000E+OO 3.214E-02 8.133E-02 2.023E-02 4.153E-01
2.400E+01 2.808E-01 6.504E-02 4.421E-03 0.000E+OO 3.679E-02 8.587E-02 2.154E-02 4.945E-01
2.600E+01 3.406E-01 7.928E-02 5.711E-03 0.000E+OO 4.125E-02 9.023E-02 2.263E-02 5.797E-01
2.800E+01 4.085E-01 9.446E-02 7.038E-03 0.000E+OO 4.618E-02 9.428E-02 2.315E-02 6.736E-01
3.000E+O1 4.798E-01 1.105E-O1 8.357E-03 0.000E+OO 5.1OOE-O2 9.782E-02 2.325E-02 7.708E-01
3.500E+01 6.831E-01 1.460E-01 1.147E-02 0.000E+OO 6.259E-02 1.060E-01 2.288E-02 1.032E+O0
4.000E+O1 8.868E-01 1.841E-01 1.426E-02 0.000E+OO 7.634E-02 1.140E-01 2.194E-02 1.297E+O0
4.500E+01 1.078E+O0 2.189E-01 1.668E-02 0.000E+OO 8.632E-02 1.205E-01 2.071E-02 1.541E+O0
5.000E+O1 1.259E+O0 2.499E-01 1.884E-02 0.000E+OO 9.455E-02 1.258E-01 1.955E-02 1.767E+O0
5.500E+01 1.4303+00 2.685E-01 2.079E-02 0.000E+OO 1.037E-01 1.299E-01 1.840E-02 1.972E+O0
6.000E+O1 1.592E+O0 2.940E-01 2.245E-02 0.000E+OO 1.122E-01 1.333E-01 1.709E-02 2.171E+O0
6.500E+01 1.748E+O0 3.115E-01 2.404E-02 0.000E+OO 1.205E-01 1.363E-01 1.597E-02 2.356E+O0
7.000E+O1 1.902E+O0 3.355E-01 2.560E-02 O.I)OOE+OO 1.294E-01 1.390E-01 1.495E-02 2.546E+O0
7.500E+01 2.056E+O0 3.561E-01 2.693E-02 0.000E+OO 1.368E-01 1.408E-01 1.386E-02 2.730E+O0
8.000E+O1 2.21OE+OO 3.755E-01 2.823E-02 0.000E+OO 1.451E-01 1.420E-01 1.282E-02 2.914E+O0
8.500E+01 2.352E+O0 3.915E-01 2.987E-02 0.000E+OO 1.571E-01 1.440E-01 1.185E-02 3.086E+O0
9.000E+O1 2.504E+O0 4.085E-01 3.138E-02 0.000E+OO 1.674E-01 1.451E-01 1.103E-O2 3.267E+O0
9.500E+01 2.655E+O0 4.247E-01 3.285E-02 0.000E+OO 1.774E-01 1.461E-01 1.025E-02 3.446E+O0
1.000E+02 2.806E+O0 4.185E-01 3.460E-02 0.000E+OO 1.888E-01 1.470E-01 9.468E-03 3.604E+O0
1.1OOE+O2 3.113E+O0 4.50113-01 3.690E-02 0.000E+OO 2.082E-01 1.487E-01 8.154E-03 3.965E+O0
1.200E+02 3.421E+O0 4.778E-01 3.921E-02 0.000E+OO 2.280E-01 1.51OE-O1 7.073E-03 4.324E+O0
1.300E+02 3.737E+O0 5.092E-01 4.152E-02 0.000E+OO 2.457E-01 1.575E-01 6.225E-03 4.697E+O0
1.400E+02 4.058E+O0 5.341E-01 4.458E-02 0.000E+OO 2.641E-01 1.662E-01 5.51OE-O3 5.073E+O0
1.500E+02 4.399E+O0 5.656E-01 4.726E-02 0.000E+OO 2.780E-01 1.730E-01 4.929E-03 5.468E+O0
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n + 65CUangle-integrated emission spectra



n + 65CUKalbach preequilibrium ratios




